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Abstract Many protein components of telomeres, the multi-
functional DNA^protein complexes at the ends of eukaryotic
chromosomes, have been identi¢ed in diverse species ranging
from yeast to humans. In Caenorhabditis elegans, CEH-37
has been identi¢ed by a yeast one hybrid screen to be a dou-
ble-stranded telomere-binding protein. However, the role of
CEH-37 in telomere function is unclear because a deletion mu-
tation in this gene does not cause severe telomere defects. This
observation raises the possibility of the presence of genetic re-
dundancy. To identify additional double-stranded telomere-bind-
ing proteins in C. elegans, we used a di¡erent approach, namely,
a proteomic approach. A⁄nity chromatography followed by
Finnigan LCQ ion trap mass spectrometer analysis allowed us
to identify several candidate proteins. We further characterized
one of these, HMG-5, which is encoded by F45E4.9. HMG-5
bound to double-stranded telomere in vitro as shown by compe-
tition assays. At least two telomeric DNA repeats were needed
for this binding. HMG-5 was expressed in the nuclei of the
oocytes and all embryonic cells, but not in the hatched larvae
or adults. HMG-5 mainly localized to the chromosomal ends,
indicating that HMG-5 also binds to telomeres in vivo. These
observations suggest that HMG-5 may participate, together
with CEH-37, in early embryogenesis by acting at the telo-
meres.
3 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
Telomeres are specialized nucleoprotein complexes at the
ends of linear eukaryotic chromosomes that are essential for
the maintenance of chromosome integrity [1^4]. Telomeric
DNA in most eukaryotes is composed of tandem repeats of
short sequence elements, typically 5^8 bp in length. In several
evolutionarily divergent organisms, the strand of the telomeric
DNA that contains the 3P-terminus is usually rich in G resi-
dues and extends beyond the complementary C-rich strand to
terminate as a single-stranded 3P overhang. The integrity and
proper functions of telomeres rely upon associations between
the telomeric DNA sequences and speci¢c binding proteins.
These proteins include TRF1 and TRF2 in mammalian cells
[5^8], Taz1p in Schizosaccharomyces pombe [9,10], and Rap1
in Saccharomyces cerevisiae [11]. All of these proteins have
been identi¢ed to be telomere-binding proteins that speci¢-
cally bind to the double-stranded telomeric repeats.
We wished to extend the understanding of the universal
mechanisms involved in telomere protection and function.
To do this, we chose to use as a model system the nematode
Caenorhabditis elegans, which has typical telomeric repeats
ranging from 4^9 kb [12]. This model system is suitable for
our goal because the molecular genetic approaches are facili-
tated by many aspects such as its complete genome sequence,
its short life cycle, and the many molecular tools available for
research with this organism. The nematode telomeric DNA
consists of TTAGGC repeats, which is a sequence motif
that di¡ers from that of mammals and plants. We recently
reported that CEH-37, a homeodomain-containing protein
in C. elegans, is a speci¢c protein that binds double-stranded
nematode telomeric DNA in vitro and in vivo [13]. The iden-
ti¢cation of CEH-37 as a telomere-binding protein supports
the idea that telomere-binding proteins are evolutionarily con-
served in terms of their tertiary protein structure rather than
their primary amino acid sequence. The identi¢cation of
CEH-37 now leads to the critical question, what are the phys-
iological functions of ceh-37 in vivo? Since a ceh-37 mutation
that generates a truncated protein weakly elevated the inci-
dence of the male phenotype, which may be due to chromo-
somal instability, it has been suggested that ceh-37 might play
important roles at the telomeres such as maintaining chromo-
somal stability [13]. However, the deletion mutation in ceh-37
did not generate any visibly altered telomere-related pheno-
types, such as a shortened telomere length or a reduced life-
span. One possibility to explain this is the presence of redun-
dancy among the telomere-binding proteins in C. elegans.
Consequently, it is important to identify other telomere-bind-
ing protein genes in C. elegans and to examine their functions
in conjunction with ceh-37. To identify these proteins, in this
study we adopted an approach that is di¡erent from that used
to identify CEH-37, namely, a proteomic approach. We pre-
pared embryonic nuclear extracts from C. elegans and sub-
jected these to a⁄nity puri¢cation experiments that allowed
us to isolate the proteins that bind to the nematode telomeric
DNA repeats. The eluted proteins were then analyzed by a
Finnigan LCQ ion trap mass spectrometer. We characterized
one of these proteins, HMG-5. We found that it contains
an HMG box motif and binds to telomeric DNA repeats.
We also show that HMG-5 is expressed exclusively in the
nuclei, and is mainly localized to the chromosomal ends in
vivo.
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2. Materials and methods
2.1. Strains and culture
The N2 strain served as the wild-type strain of C. elegans. Nema-
tode culture has been described previously [14]. The Escherichia coli
strains used to feed the nematodes were OP50 or OP50-1.
2.2. A⁄nity chromatography and protein identi¢cation
The nematode embryonic nuclear extract was prepared as previ-
ously described [15]. The a⁄nity chromatography procedure used to
isolate the telomere repeat-binding proteins in the extract is summa-
rized in Fig. 1A. Brie£y, two complementary oligonucleotides consist-
ing of 10 repeats of the C. elegans telomere sequences were synthe-
sized. The oligonucleotides also contained accessory sequences on
both ends to facilitate proper annealing, and one of the oligonucleo-
tides was biotinylated at the 5P end. The oligonucleotides were mixed
in the TEN bu¡er (10 mM Tris^Cl pH 8.0, 1 mM EDTA pH 8.0, and
100 mM NaCl), boiled at 100‡C, and allowed to anneal by cooling to
room temperature (RT). The annealed probe was added to the a⁄nity
binding bu¡er (10 mM HEPES pH 7.6, 75 mM NaCl, 1 mM EDTA,
0.5 mM dithiothreitol (DTT), 5% glycerol, and 0.025% NP-40) con-
taining streptavidin covalently linked to agarose beads, and incubated
for 2 h. Thereafter, 18 mg of the nuclear extract and 30 Wg of poly(dI-
dC) were added to the mixture and loaded onto a column. After
washing ¢ve times with the a⁄nity binding bu¡er, the proteins bound
to the column were recovered with the elution bu¡er (20 mM HEPES
pH 7.6, 1 mM EDTA, and 0.1% sodium dodecyl sulfate). The eluted
proteins were analyzed with a Finnigan LCQ ion trap mass spectrom-
eter (ProteoMS, Virginia).
2.3. Overexpression of HMG-5 in bacterial cells
The cDNA encoding HMG-5 was ampli¢ed by polymerase chain
reaction (PCR) from a cDNA library using the PCR primers
F45E4.9-3 (5P CGGATCCATGTTGGGAACAATTTCA 3P) and
F45E4.9-4 (5P GGAATTCCTATTGATCTGCATTTTCT 3P). The
ampli¢ed cDNA was subcloned into the bacterial expression vector
pGEX-4T-1. The recombinant plasmid was introduced into the BL21
strain and the recombinant protein was overexpressed and puri¢ed by
a glutathione sepharose 4B bead column (Amersham Biosciences) us-
ing standard protocols. The sample was then treated with thrombin
protease (Amersham) and the recombinant HMG-5 lacking the GST
tag was puri¢ed. The puri¢ed protein was stored in PBS bu¡er (137
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4).
2.4. EMSA (electrophoresis mobility shift assay)
The DNA probes were purchased from Bioneer, Zenotech, or Bi-
onix and labeled with T4 polynucleotide kinase (MBI or USB) using
[Q-32P]ATP (Amersham). The probes were annealed in TEN bu¡er by
boiling followed by cooling to RT, and puri¢ed in 15% polyacryl-
amide gels. For competition assays, the non-speci¢c competitor was
obtained by annealing the following two oligonucleotides: NS-1 (5P
TCGATAGGGATAACAGGGTAAT 3P) and NS-2 (5P TCGAAT-
TACCCTGTTATCCCTA 3P). The sequence of the non-speci¢c com-
petitor was not present within the whole nematode genome. The prim-
ers used for gel shift assays with human and rice telomeric DNA were
HU4-1 (5P GCCCGCGG TTAGGG TTAGGG TTAGGG
TTAGGG GTGAATTC 3P), HU4-2 (5P GAATTCAC CCCTAA
CCCTAA CCCTAA CCCTAA CCGCGGGC 3P), PL4-1 (5P
GCCCGCGG TTTAGGG TTTAGGG TTTAGGG TTTAGGG
GTGAATTC 3P), and PL4-2 (5P GAATTCAC CCCTAAA
CCCTAAA CCCTAAA CCCTAAA CCGCGGGC 3P). For the gel
shift assays, the HMG-5 protein puri¢ed from bacteria was incubated
in 20 Wl of the binding bu¡er (10 mM Tris^HCl/pH 8.0, 1 mM EDTA,
1 mM DTT, 50 mM NaCl, 5% glycerol) and 500 ng of poly(dI-dC) on
ice for 10 min. 0.25 ng of the end-labeled DNA probe was added to
the pre-mixture and incubated at RT for 15 min, then run on 8% non-
denaturing polyacrylamide gels. Signals were detected using X-ray
¢lms or Fuji imaging plates. For competition assays, the cold com-
petitors were added to the puri¢ed protein before adding the labeled
probe.
2.5. Antibody production and immunohistochemistry
Using the bacterially expressed HMG-5 protein, we produced anti-
bodies using rabbits as host animals. The antibody production and
antigen-a⁄nity puri¢cation of the antibodies were performed by Ta-
kara Inc. Immunohistochemical analysis was performed using stan-
dard protocols employing either the freeze crack method [16] or the
collagenase protocol [17]. The stained embryos and animals were ob-
served with a £uorescence microscope or a confocal microscope.
3. Results and discussion
3.1. A⁄nity puri¢cation and identi¢cation of HMG-5 as a
candidate telomere-binding protein
To identify new proteins that bind speci¢cally to the dou-
ble-stranded telomeric DNA in the nematode, we performed
a⁄nity chromatographic experiments using nematode embry-
onic nuclear extract and a complementary oligonucleotide
pair consisting of 10 repeats of the C. elegans telomere se-
quences. The eluant from the a⁄nity chromatographic col-
umn was then analyzed with a Finnigan LCQ ion trap mass
spectrometer. This allowed us to identify genes encoding
several candidate proteins. These include F21D5.5, which
encodes a polynucleotide kinase 3P phosphatase, F45E4.9,
which encodes HMG-5, F45E4.2, which encodes a PURK
homolog, Y92H12A.3, which encodes a paired box protein,
Y43H11AL.1, which encodes a PHD-¢nger protein, and
R03H10.6, which encodes a protein with an OB-fold nucleic
acid-binding domain. After overexpressing and purifying each
of the proteins in bacterial cells, in vitro EMSAs were per-
formed with each recombinant protein (data not shown).
Since the protein encoded by F45E4.9 speci¢cally bound dou-
ble-stranded telomeric DNA, this protein was analyzed fur-
ther.
F45E4.9 is identical to hmg-5, which encodes a protein con-
taining an HMG (high mobility group) domain. The closest
homologs of HMG-5 in mammals are the TF-A proteins in
humans (accession number Q00059), the rat (accession num-
ber Q91ZW1) and the mouse (accession number P40630) (Fig.
1B). While a widely expressed isoform of TF-A is known to
be localized to the mitochondria, another isoform was speci¢c
to the testis and is localized to the nuclei [18]. HMG-5 in
C. elegans also turned out to be exclusively localized in the
nuclei (see below). Sequence homology searching revealed that
C. elegans has several other HMG box-containing proteins.
These include HMG-1, HMG-2, HMG-3, HMG-4, HMG-5,
SOX-3, and POP-1. It would be interesting to examine the
binding speci¢city of these proteins in further studies. Pre-
vious studies showed that some proteins containing HMG
boxes bound to DNA in a non-speci¢c manner [19,20]. How-
ever, closer examination of the amino acid sequences of the
HMG box-containing proteins with non-speci¢c DNA bind-
ing activity reveals that their structures di¡er from that of
HMG-5. While the non-speci¢c binders have two HMG boxes
and an acidic domain at the C-terminal end in which many
acidic amino acids are clustered, HMG-5 has only one HMG
box and lacks the typical acidic domain. We hypothesized that
HMG-5 binds to speci¢c DNA sequences. Supporting this are
studies with human cell lines and the £y that demonstrated the
existence of HMG box-containing proteins that speci¢cally
bind to speci¢c sequences of telomeric DNA [21,22].
Since the predicted HMG box of HMG-5 bears 29% ho-
mology with the box 2 of the human HMG protein 1 (Hmg1)
[23], we were able to construct a three-dimensional model of
the HMG box of the HMG-5 protein using the Geno3D and
Swiss-PdbViewer (SPDBV) softwares. It was predicted that
the HMG box in HMG-5 contains a helix-turn-helix struc-
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ture, which is similar to the CEH-37 protein, the previously
reported telomere-binding protein in C. elegans (Fig. 1C).
However, we were unable to superimpose the structures of
the two proteins using the ‘magic¢t’ command in the SPDBV
software. This indicates that the two proteins may have di¡er-
ent binding characteristics. Supporting this is the fact that
while CEH-37 can bind the core sequence of GGCTTA [13],
HMG-5 requires at least two copies of the telomeric repeats
(see below), which indicates that HMG-5 may have to contact
more widely spread nucleotides. It would be interesting to
determine the actual structures of CEH-37 and HMG-5
when they are bound to the telomeres.
Fig. 1. Identi¢cation of HMG-5 as a new telomere-binding protein. A: A schematic depiction of the a⁄nity puri¢cation procedure and MAL-
DI-TOF analysis used to identify HMG-5 as a C. elegans telomere-binding protein. B: Amino acid sequence alignment of HMG-5 with its ho-
mologs. The upper panel schematically depicts the structural domain of HMG-5 and the lower panel shows the amino acid sequences of
HMG-5 and its homologs. The accession numbers for the human homolog is Q00059, for the rat, Q91ZW1, and for the mouse, P40630.
C: The predicted three-dimensional structure of the HMG box of the HMG-5 protein. The NMR structure of the HMG box of the human
HMG1 protein was used for modeling HMG-5 using the Geno3D program. The image shown was generated by the SPDBV software. It pre-
dicts that the HMG box contains a helix-turn-helix structure, which is common in DNA-binding proteins.
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3.2. HMG-5 binds telomeric DNA in vitro
To determine whether the HMG-5 protein indeed binds
telomeric DNA, we performed in vitro gel shift assays with
the puri¢ed recombinant protein. HMG-5 was overexpressed
in bacterial cells using the pGEX-4T-1 vector and the result-
ing recombinant HMG-5: :GST fusion protein was puri¢ed.
This fusion protein did not show any DNA-binding activity
(data not shown), which indicates that the conformation of
the fusion protein is inappropriate for binding. Only after the
GST tag was removed from the recombinant protein could the
protein bind to the telomeric DNA (Fig. 2A). To examine the
speci¢city of the binding of HMG-5 to the nematode telomer-
ic DNA, we performed a gel shift assay using speci¢c and
non-speci¢c cold competitors. We found that the speci¢c
cold competitor, but not the non-speci¢c competitor, was
able to compete with the radiolabeled telomeric DNA probe
for binding to HMG-5 (Fig. 2A). We also found that the
minimal number of the telomere repeats needed for the e⁄-
cient binding of HMG-5 was two (Fig. 2B). However, we did
not see any decrease in binding when performing gel shift
assays with single mutations in the nematode telomeric
DNA (data not shown). This indicates that HMG-5 may
not only bind the telomeric DNA, but it may also bind other
sequences in the genome. Consistent with this is that HMG-5
was able to bind to human and plant telomeric DNAs, which
use TTAGGG and TTTAGGG as the telomere repeats re-
spectively. Thus, HMG-5 is not highly speci¢c for the nem-
atode telomeric DNA. However, the telomeric DNA in the
nematode is 4^9 kb long and contains at least 650 repeats of
the telomeric repeat DNA at the end of each chromosome. It
Fig. 2. HMG-5 speci¢cally binds telomeric sequences in vitro. A: HMG-5 speci¢cally binds C. elegans telomeric DNA. The top panel shows
the gel shift results of the recombinant HMG-5 protein with speci¢c or non-speci¢c competitors. While the speci¢c competitors competed with
HMG-5 binding, the non-speci¢c competitors could not. The bottom panel shows the quantitation of the gel shift result. B: The minimal num-
ber of telomeric repeats needed for HMG-5 binding is two. The top panel shows the gel shift result using di¡erent lengths of telomeric repeats.
The bottom panel shows the quantitation of the gel shift results.
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is possible that the telomeric DNA may recruit the major
portion of the HMG-5 protein pool to the chromosomal
ends by outcompeting other HMG-5-binding sites in the ge-
nome. Supporting this, we observed that HMG-5 localizes
primarily at the chromosomal ends (see below).
3.3. HMG-5 is expressed in a stage-speci¢c manner
The expression pattern of a given gene is a hallmark of
where and when the gene acts. We thus examined the expres-
sion patterns of HMG-5 by antibody staining. It was found to
be highly expressed in oocytes and all of the cells of the early
and late embryos (Fig. 3). The localization of HMG-5 in the
cells was limited to the nuclei. Interestingly, its expression
rapidly disappeared at the time of hatching, and hardly any
expression of HMG-5 in the larval and adult stages was ob-
served. The timing and localization of HMG-5 expression in-
dicates that it may play roles within the nuclei of oocytes and
developing embryos, but not in other organelles such as mi-
tochondria.
3.4. HMG-5 is localized to the chromosome ends in vivo
The subcellular localization of HMG-5 was also examined.
We found that HMG-5 mainly localizes at the chromosomal
ends in mature oocyte and embryonic cells (Fig. 4, and data
not shown). This indicates that HMG-5, despite its low bind-
ing speci¢city, indeed localizes to the telomeres in vivo.
To date, the nematode C. elegans has been shown to have
at least two proteins that bind to its double-stranded telomeric
DNA. The ¢rst protein to be reported was CEH-37, which
utilizes a homeodomain as its DNA-binding domain. Interest-
ingly, no TRF-like proteins have been identi¢ed in the fully
sequenced C. elegans genome. Thus, not only does the telo-
meric DNA of the nematode di¡er from that of humans, the
telomere-binding proteins of C. elegans di¡er from the TRF
proteins in humans. These dissimilarities, however, do not
imply that the nematode and humans employ di¡erent mech-
anisms to regulate telomere function. We have already shown
that the three-dimensional structure of the CEH-37 homeodo-
main is almost identical to that of the TRF1 Myb domain
Fig. 3. HMG-5 is expressed in the nuclei of oocytes and all embryonic cells. Immunohistochemical analysis using HMG-5-speci¢c antibodies
was performed. Shown is HMG-5 expression in the oocytes (A), a three-cell-stage embryo (B), a eight-cell-stage embryo (C), a comma-stage
embryo (D), a three-fold-stage embryo (E), and an L2 animal (F). The spots in (F) are not speci¢c antibody signals, rather, they are non-spe-
ci¢c signals. The scale bars in A^E are 10 Wm, while in F the scale bar is 50 Wm.
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[13], and that CEH-37 is able to bend telomeric repeat-con-
taining DNA fragments. The presence of diverse species of
proteins with di¡erent primary structures but with similar
tertiary structures suggests that the telomere functions must
be conserved throughout evolution. In this report, we added
to the diversity of telomere-binding proteins on the existing
list by identifying a protein with an HMG motif that acts as a
telomere-binding protein in C. elegans. Since the sequence
speci¢city of HMG-5 seems to di¡er from that of CEH-37,
it is conceivable that these two proteins bind to telomeres
simultaneously rather than competitively. It would be interest-
ing to examine whether the overexpression of one of these two
proteins a¡ects the localization or abundance of the other
protein. If they bind to di¡erent positions in the telomeric
DNA, overexpression of one protein would not a¡ect the
other protein. It would be also of interest to examine the e¡ect
on telomere functions of knocking down these two telomere-
binding proteins. Our preliminary results show that the
knockdown of the two genes does not cause severe telomere
defects. However, these experiments are hampered by the dif-
¢culty of e⁄ciently performing RNAi targeted to two genes at
the same time. Consequently, to properly determine the de-
pendence of telomere functions on the two proteins, it will be
necessary to identify mutations in hmg-5 that abolish its func-
tions.
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